Behavioural flexibility allows an animal to adapt its behaviour in response to changes in the environment. Research conducted in primates, rodents and domestic fowl suggests greater behavioural persistence and reduced behavioural flexibility in males. We investigated sex differences in behavioural flexibility in fish by comparing male and female guppies (Poecilia reticulata) in a reversal learning task. Fish were first trained on a colour discrimination, which was learned equally rapidly by males and females. However, once the reward contingency was reversed, females were better at inhibiting the previous response and reached criterion twice as fast as males. When reward reversing was repeated, males gradually reduced the number of errors, and the two sexes had a comparable performance after four reversals. We suggest that sex differences in behavioural flexibility in guppies can be explained in terms of the different roles that males and females play in reproduction.
Introduction
Adaptive phenotypic plasticity is the ability of an organism to alter its morphology, physiology or behaviour to better match the requirements of its environment. Learning in particular allows an animal to cope with complex and unpredictable environmental conditions by modifying its behaviour based on past experience. Yet sometimes the environment changes rapidly, and individuals must be able to inhibit a previously learned behaviour to issue a new, more appropriate response. The degree of cognitive flexibility varies considerably among species [1] , but substantial individual variation for this trait is also reported within species, for example in relation to age or personality [2, 3] .
Studies in mammals and birds indicate that cognitive flexibility can also differ between the sexes. Results from experiments on macaques, rats and domestic fowl suggest that females are behaviourally more flexible, whereas males show a greater degree of behavioural persistence, differences that seem related to the effects of testosterone on cholinergic activity in specific brain regions implicated in memory [4] [5] [6] [7] . For example, male and female rats showed no difference in learning to discriminate between white and black corridors in a T-maze test, but once the contingency was reversed, females reached the criterion faster than males. The direction of this difference was inverted when androgenized females and castrated males were tested [5] . This paradigm, called discrimination reversal learning [8] , is frequently used in research on behavioural flexibility. An animal is first trained to discriminate between two stimuli, and when the task is fully acquired, the reward contingency is reversed and the animal has to learn to ignore the stimulus previously reinforced. Serial reversal learning experiments, in which this alternation of training to criterion and contingency reversal was repeated several times, have revealed that rats and pigeons improve their performance over successive reversals in a learning-to-learn process [9, 10] .
Previous studies on reversal learning in fish have not investigated sex differences [11, 12] . Yet, one study found that female guppies show a greater level of foraging innovation than that of males, which suggests the possible existence of sex differences in behavioural flexibility in fish as well [13] .
Here, we investigated behavioural flexibility in male and female guppies in a cognitive task, a reversal learning paradigm similar to that used with rats and pigeons [9, 10] . Based on previous works on birds and mammals, we expected female guppies to exhibit greater cognitive flexibility and hence perform better in the reversal learning task.
Material and methods
We used 14 male and 14 female guppies matched for body length. The apparatus (see the electronic supplementary material, S1) consisted of a 75 l tank divided into one experimental compartment and one home compartment connected by a corridor. The experimental compartment contained a green plastic plate perforated with 48 equi-spaced holes placed horizontally on the gravel substratum. In each trial, two holes in the plate were covered with plastic discs, one red and one yellow, and a small piece of food was concealed under one disc. The rewarded colour was counterbalanced across subjects.
In the colour discrimination learning phase, the subject was given six trials per day, and the position of the two discs was chosen according to a pseudo-random pre-set scheme. The subject was allowed to observe the plate for 30 s from the corridor before it could enter the experimental compartment and dislodge the discs (see the electronic supplementary material, video S2). We recorded the first disc dislodged, but correction was allowed within 5 min. The learning criterion consisted of eight correct responses out of 10 consecutive trials. This weak learning criterion was selected to avoid overtraining in view of the successive reversal learning [12] . To train the subject to dislodge the discs, in the first nine trials (cued trials) of the experiment, both discs only partially covered the hole, leaving a gap that was progressively reduced. These nine cued trials were not included in the analysis. In the discrimination reversal learning phase, the procedure was the same except the contingency of reinforcement was reversed between the two discs. The learning criterion was the same as before. To study serial reversal learning, in a subsample of 16 fish (eight males and eight females), after reaching the criterion of the first reversal, the contingency of reinforcement was reversed again and the subject continued this procedure until it completed a series of four reversals.
To ensure that subjects had not learnt using olfactory cues, a control test was performed at the end of the serial reversal experiment on eight randomly chosen subjects (four males and four females). Subjects were given 24 trials with the same procedure as before, except we presented two discs of the same colour with one, randomly chosen, hiding food.
Owing to the frequent interaction of the subjects with the experimenter required by our procedure, we chose to test guppies of a domesticated strain, that more easily become accustomed to experimental manipulation. However, it is well established that domestication can influence animal behaviour, including learning [14] , and it will be important to see whether the same pattern of results is found using recent descendants of wild guppies.
Learning was computed as the number of errors to criterion. Data were checked for normality and homogeneity of variances and transformed when necessary. Owing to a floor effect (64% of subjects made 0 errors), colour discrimination learning was analysed as a binary variable (0 ¼ no error, 1 ¼ one or more errors) using a generalized linear model (GLM) with binomial error distribution and logit link function (sex and reinforced colour as factors and body length as a covariate). The number of errors in discrimination reversal learning and in serial reversal learning was square root transformed and analysed, respectively, using ANCOVA (sex and reinforced colour as factors and body length as a covariate) and a linear mixed model (LMM) (sex and reversal as fixed factors and subjects as a random factor to account for repeated measures). The proportion of correct choices in the olfactory cues control test was arcsine square root transformed and analysed using one-sample t-test. In the text, mean + s.d. are given.
Results (a) Colour discrimination learning
Colour discrimination was learnt by all 28 subjects within 9.18 + 2.50 trials with an average of 0.68 + 1.19 errors. Eighteen subjects (64%) made no errors; five subjects (two males and three females) made one error; three subjects (one male and two females) made two errors; one male made three errors; and one female made five errors. There was no significant effect of sex (GLM: x 
(c) Serial reversal learning
In serial reversal learning, no effect was significant (LMM: sex: Control tests indicated that subjects were not using an olfactory cue: the disc hiding food was selected in 46.35 + 7.86% of the trials, a proportion not significantly different from chance (one-sample t-test: t 7 ¼ 1.133, p ¼ 0.231).
Discussion
During the training phase of our experiment, both sexes rapidly learned the colour discrimination task: after the nine cued trials, the vast majority of males and females reached the learning criterion without any further error. The acquisition of colour discrimination appears to be faster than previously found in fish [15] and in other vertebrates [16] . The remarkable performance of guppies in learning a colour discrimination task might be related to the use of a procedure that mimics guppies' natural foraging conditions. These fish have a natural tendency to search for small carotenoid-rich fruits that drop from the forest canopy into the rivers where guppies live [17] . Alternatively, guppies may have a greater learning ability associated with colour discrimination because colour discrimination plays a relevant role in mate choice. Indeed, female guppies base their mate choice mainly on male colour spots and are able to discriminate small differences in hue and saturation [18] . For their part, males can evaluate a rival's coloration, which is taken into account when they make mating decisions [19] .
In contrast to their rapid initial learning, our experimental fish made a larger number of errors when the reward contingency was reversed. A clear sex difference was found in this phase, as males made twice the errors of females before learning the reversed colour-food association and showed a greater persistence of the previously learned response. Although males and females might differ in several aspects associated with performance, such as feeding motivation, physical strength or general learning ability, these factors are unlikely to explain the differences observed in discrimination reversal learning as we found no sex difference in learning during the colour discrimination phase.
Unlike mammals and birds that significantly decline the number of errors in successive reversals [9, 10] , fish have generally failed to show such improvement of performance except under very particular conditions [20] . In our study, males, but not females, gradually reduced the number of errors in successive reversals until males eventually reached the performance of females. It is not clear whether this effect is due to sex differences in cognition or simply to a floor effect, given that females made only 10 errors to criterion already in the first reversal.
The results of our discrimination reversal experiment agree with previous data obtained in primates, rodents and domestic fowl, in which females show greater behavioural flexibility and are more ready to change their response when a learned rule becomes inappropriate in a new context [4] [5] [6] . The evolutionary explanation for this pattern remains speculative. One possibility is that these sex differences are related to the different social and parental roles of males and females. For example, some authors [1, 13] have suggested that the evolution of flexible behaviours may be promoted by high parental investment and complex social life, two traits that differ markedly between male and female guppies [21, 22] .
Large sex differences in behaviour and cognition are also observed as a consequence of the different roles of females and males in mating competition and mate choice [23, 24] . In particular, both theoretical and empirical studies show that in polygamous species, sexual selection promotes the evolution of male persistence traits to overcome female resistance [25] . Even though it is not known whether differences in cognition that evolved in one context (e.g. reproductive strategies) may affect other behaviours (e.g. foraging), the possibility exists that sex differences in behavioural flexibility are a consequence of selection for different mating strategies in males and females. A critical prediction of this hypothesis is that the difference should be large in polygamous species such as the guppy and reduced or absent in monogamous species. Insufficient data are available to test this hypothesis, but recent studies found no evidence of a greater female behavioural flexibility in three monogamous avian species [16, 26, 27] . rsbl.royalsocietypublishing.org Biol. Lett. 10: 20140206
